Investigates anaerobic twostage treatment of tannery wastewater. This results in a mean chemical oxygen demand (COD) removal of 60 per cent for tannery B and more than 70 per cent for tanneries A and C with COD o = 5,710mg l -1 and mean detention time held at 3.5 days. Gas production was small, rating an estimated 75l kg -1 COD o with COD o = 5,710mg l -1 . Tests simultaneously the influence of quality and quantity of wastewater on COD removal and gas production (multiple regression). Finds significant inhibitory effects were caused by chloride on gas volume and by sulphate on COD removal. Chromium showed no significant effect. Dosage of ferric chloride for removal of the toxic sulphide effected a decrease in gas volume and had no effect on COD removal (analysis of variance).
Introduction
Anaerobic treatment of tannery wastewater has not been investigated very well. In most tanneries the Beamhouse is subject to treatment [1] [2] [3] , since the quality does not undergo much variation and since the organic load is very high. (The Beamhouse includes all stages before tanning.)
But even when the entire wastewater is treated, the quality differs depending on whether the tannery is using chromium [4, 5] or vegetable tanning agents [6, 7] .
Using anaerobic treatment of chromium tannery wastewater, the objective in this study was to reduce the organic load, thereby producing only a small amount of sludge. Therefore, two stage anaerobic treatment was chosen. The first stage with less sensitive acidification bacteria serves as a buffer in the case of concentration fluctuations and inhibiting substances [8, 9] . Tannery wastewater contains high concentrations of sulphate, sulphide, chloride, and chromium which are known as potential inhibiting chemicals. In the anaerobic process sulphatereducing bacteria produce sulphide by reducing sulphate.The sulphide especially was suspected of being the most inhibiting substance in tannery wastewater. There are several methods for reducing sulphide.
For example, FeCl 3 can be added in the first stage to reduce sulphide concentrations [10, 11] . Ferric chloride showed best results in comparison with ferric hydroxide and ferruginous sludge, since it is easy to add and highly effective. Stirring is not required and only small quantities are needed for the entire elimination [9] .
Another possibility to decrease the concentration of sulphide is to inhibit sulphatereducing-bacteria (SRB). The addition of Na 2 MoO 4 should inhibit SRB, but the methane production was also reduced as a consequence [12] .
Sulphide removal is possible by biological oxidation of sulphide to sulphur. Sulphate production can be controlled by oxygen concentration [10] . Another method to reduce sulphide was investigated by stripping sulphide and recirculating the washed gas [13] . In this study FeCl 3 was chosen.
Statistical analysis such as multiple regression and analysis of variance were necessary due to the changing quality of wastewater with variations in concentration, high standard deviation and complex composition.
The objective was to test the influence of the quality of wastewater simultaneously, the quantity of feed flow, and the origin (tannery A, B and C) on chemical oxygen demand (COD) removal and gas production (multiple regression). After this operation, the experimental operations were tested for their influence on gas production and COD removal (analysis of variance). As operational parameters the similarity of pilot plants and the dosage of ferric chloride, among others, were examined.
Material and methods

Pilot plant
Three identical anaerobic pilot plants were run in parallel. In Figure 1 the scheme of the two-stage pilot plant is given. It consists of a stirred tank and a suspended fixed film bed reactor in upflow-operation filled with rasschig-rings (7.9 l). The fixed film bed reactor was operated at a temperature of 34 °C that was thermostatically controlled. The feed flow was supplied discontinuously four times in 24 hours. The biogas was collected in volume calibrated bags. In order to avoid the loss of biogas, a siphon was placed between the methane reactor and the effluent tank. Detention time varied between 2.4 and 10.5 days with a mean value of 3.5 days in both stages together.
Wastewater
The wastewater was taken from three different chromium tanneries (A, B and C). It was gathered once a week as a random sample from the effluent of the equalizing tank and used as feed for the experimental plant. It was stored for seven to 14 days in the feeding tank. In all investigations undiluted tannery wastewater was used.
Analytical methods
The analyses of COD, chloride (Cl -), and chromium (Cr tot ) were carried out according to DIN-standards. Analyses of sulphide (S 2-) and sulphate (SO 4 2-) were performed photometrically, with composite samples being taken each day for five days. Samples of COD were acidified and stirred for half an hour to decrease sulphide.
Experimental operation FeCl 3 -dosage
FeCl 3 was added in quantities of 1gl -1 and 2gl -1 in the influent tank. The objective was to eliminate the sulphide as FeS, both in the form existent in the raw wastewater and in the form produced through the anaerobic process.
PH values
The values of the tannery wastewater varied between 8 and 12. For biological treatment it was necessary to regulate the pH. The pH was adjusted to 5, 6 or 7, depending on the experiment.
Analysis by multiple statistical methods (gradual analysis of covariance) 
Gradual analysis of covariance
If it is necessary to test the influence of the confounder, too, a gradual analysis of covariance can be used [14] . In the first step the multiple regression and adjustment were considered. In the second step the influence of operational parameters was tested.
First step: multiple regression and adjustment
In the first step of the statistical analysis a significant influence on the dependent values (COD differences and gas production) was tested with the possible confounders. The limit for statistical error (α) was 5 per cent, so that statistical reliability (S) (equation (1)) was at least 95 per cent. The objective was to select only the important confounders. S = (1 -α) * 100 per cent
The origin of the wastewater (three tanneries), feed flow, the chemical parameters in the influent such as COD, sulphate, sulphide, chloride, and Cr tot were tested as possible confounders. The general result of multiple regression is equation (2) :
where: Y* = predicted, dependent value; g 1 = regression coefficient of the confounder with j = 1…n; X j = measured value of the confounder with j = 1…n; a = constant term.
Adjustment
The adjustment of the significant confounder is parallelized by equation (3) .
where:Ŷ = adjusted, dependent value; Y = measured, dependent value; Y* = predicted, dependent value of all significant confounder; y = mean value.
Linear relations were ascertained and the adjusted measured values (COD differences or gas production) were calculated by means of multiple regression. For this adjustment, all factors for which a significant connection with the dependent could be demonstrated, were taken into account.
Second step: analysis of variance
In the second step, the significant influence of the experimental operations were tested with adjusted, dependent values to calculate the Fvalue with equation (4). Equation (4) The two steps together correspond to classic analysis of covariance. As long as confounder and treatment are independent and the size of the sample is big enough, the results of the two methods are identical. In this investigation, both terms were fulfilled because the number of confounders was small and the sample size in this long-term study was quite large.
Analysis of variance was further carried out with the original measured values without adjustment. Both results could thus be compared, which made it possible to check whether the influence of a treatment had been obscured by the adjustment of the measured values to the confounder. In our experiments this was never the case.
Results and discussion
Statistical analysis procedures
In a long-term study wastewaters of three tanneries were investigated and used for anaerobic treatment. In Table I the chemical quality of the wastewater is given for COD, sulphide, sulphate, chloride and chromium. Each value represents a five-day composite Using these statistical methods the following questions can be answered:
• Which wastewater constituents influenced COD removal and gas production? • Is COD removal and gas production dependent on the origin of the tannery wastewater? • Were the pilot plants equal in COD removal and in gas production? • Is there a significant positive influence of ferric chloride dosage on COD removal and gas production?
The criterion used to evaluate the volume of gas was the volume of gas produced per week, which was used as a dependent value (Y*). The COD removal was calculated by determining COD differences. With regard to the measured values, only the differences between the influent and the first stage and between the first and second stages were calculated. These differences were used as dependent values. This procedure further provided information about removal.
It should be noted that in the case of COD differences, measured values of tanneries A, B, and C were available, while the gas volume was measured only in experiments with wastewater of tanneries B and C. The measured value range of influence factors also varied for this reason.
The objective was to obtain information about operational parameters such as the similarity of pilot plants and the influence of ferric chloride on the dependent values. Therefore, it was necessary first to correct the influence of the origin mathematically, the feed flow and the quality of wastewater on COD removal and gas production. The procedure was separated into three steps.
The result of the first step is a regression function with a specific slope for every significant confounder. Included in the first step is the adjustment of the dependent variable. The COD differences and the values of gas were converted into adjusted values with the mean value of each significant confounder in multiple regression.
In the second step the influence of the operational parameters on the dependent values was tested (analysis of variance). Statistical reliability (S) between 95 per cent and 99 per cent is named significant, whereas statistical reliability > 99 per cent is termed highly significant. Approximately 250 values of each parameter, each value corresponding to a fiveday composite sample, were included in the calculation and thereby examined for their influence on COD differences and gas production.
Multiple regression of gas production
In Table II the statistical reliability of the confounders is given.The origin of the wastewater (three tanneries), feed flow, the chemical parameters in the influent such as sulphate, sulphide and Cr tot had no significant influence on gas production. Two confounders were found that significantly influenced the volume of gas.
The regression function (5) includes all significant confounders and is given below. Each confounder has its own specific slope.
where:
Y* = estimate of gas production (one week -1 ) X 1 = COD (mg l -1 ) 861 < X 1 < 16,800; X -1 = 4,750 S > 99,9 per cent X 2 = chloride (mg l -1 ) 0.0 < X 2 < 12,800 X 2 = 5,040 S = 99.4 per cent a =constant term a = 8.64
In equation (5) Note: a does not correspond to the number of samples taken from tanneries A, B and C 
COD (X 1 )
The dependence of gas volume (Y *) on COD concentration in the influent (X 1 ) was determined as having very high statistical reliability (S > 99.9 per cent). Higher concentrations of COD corresponded to an increase in gas volume. Equation (5) was determined within the measuring range of the confounder and is valid only for this range. With multiple regression it was possible to reassure this well-known fact.
Chloride (X 2 )
By means of multiple regression a connection with high statistical reliability (99.4 per cent) between chloride concentration (X 2 ) and gas production was found.
A graphic representation with simultaneous variation of the two significant confounders cannot serve as a clarifying illustration. Only by keeping one confounder constant, can a graphic estimate function for the other (0.0 < X 2 < 12,800mg l -1 chloride) produce intelligible graphic results. It is advantageous to use the mean value (X 1 = 4,750 mg l -1 ) as a constant confounder, because it is the best estimate. Figure 2 represents this set-up.
Chloride showed a negative influence on gas production (Y*), so that one can speak of an inhibitory effect. No such influence of chloride was found on COD removal.The inhibitory effect of chloride on methane bacteria causing lower gas production was found for concentrations >10g l -1 chloride (t R = 9 d) in synthetic wastewater [15] . But an inhibitory effect has also been detected for lower concentrations [16] .
Why gas production is inhibited while COD removal is not affected in this experiment may be explained as follows. One possible explanation lies in the inhibitory effect of chloride on methane bacteria, which reduce less COD at higher concentrations of chloride and thus produce smaller amounts of biogas [16] , while the concentration of chloride does not negatively affect the activity of the sulphate-reducing bacteria. It is known that some sulphate-reducing bacteria require NaCl concentrations between 4 and 20 g l -1 [17] or between 0.5 and 5g l -1 [9] . The amount of converted organic matter in sulphate Figure 2 Influence of chloride on gas volume (multiple regression)
[ 33 ] [18] . Given a unilateral inhibitory effect of high chloride concentrations on methane bacteria, this would lead to reduced gas production while not necessarily causing a decrease in COD removal efficiency.
Multiple regression of COD efficiency
In Table II the statistical reliability of the confounders concerning COD differences is also given. Feed flow, the chemical parameters in the influent such as sulphide, chloride and Cr tot had no significant influence on COD removal. In contrast to the findings with gas volume, three confounders were found which significantly influenced COD differences and COD removal respectively. As a result, a regression function (equation 6) including all significant confounders (COD, sulphate, and tanneries) can be given with their specific slopes:
where: Y* = estimation for COD differences in mg l -1. X 1 = COD (mg l -1 ) 861 < X 1 < 30,500 X -1 = 5,710mg l -1 S > 99.9 per cent X 2 = sulphate (mg l -1 ) 162 < X 2 < 3,590 X -2 = 1,180mg l -1 S = 95.3 per cent X 3 = tannery A and X 3 = 0 tannery B X 3 = 1 a = constant term, a = 5.60 Equation (6) counts for the first and the second stage so that a factor of 2 is necessary in order to calculate COD removal in both stages together. The same procedure as for chloride was used to display this result.
In equation (6) 
COD (X 1 )
A highly significant correlation (S > 99.9 per cent) was found between COD concentrations in the influent (X 1 ) and COD differences (Y *). As for gas volume, higher COD concentrations in the influent led to higher COD differences or higher COD removal respectively. This is a well-known fact. In Figure 3 only the dependence of COD differences on COD in the influent (X 1 ) is shown, keeping constant the mean value of sulphate (X -2 = 1,180 mg l -1 ) and tanneries A and C (X 3 = 0). (The use of X 3 will be explained below.) When COD differences for the COD values in the influent (X 1 ) are calculated by means of the equation (6) cited above, one can ascertain the removal in per cent. It lay between 70 and 80 per cent for higher COD concentrations in the influent (5,000-30,000mg l -1 ). With lower COD values in the influent (X 1 ), highly reduced removal was found.
As a consequence, anaerobic treatment should be used only for highly polluted tannery wastewater, because the removal efficiency for low COD concentrations is unsatisfactory.
Sulphate (X 2 )
With a statistical reliability of 95.3 per cent, sulphate concentration in the influent (X 2 ) showed a negative influence on COD differences (Y *). Equation (6) shows this connection. The same procedure as for COD (X 1 ) was used for displaying the influence of sulphate on COD removal. Figure 4 represents this setup.
With mean values of sulphate (X -2 = 1,180mg l -1 ) and COD (X -1 = 5,710mg l -1 ) in tannery wastewater (A and C), approximately 70 per cent of the COD could be eliminated. With increasing sulphate concentrations in the influent up to a maximum value of 2,900mg l -1 sulphate (95 per cent of the values); COD removal was estimated to be about 55 per cent.
The inhibitory effect of sulphate on COD removal could be explained by the fact that methane bacteria convert less COD at higher levels of sulphate concentration, whereas sulphate-reducing bacteria theoretically should consume more COD at the same time. With high sulphate concentration there is apparently no complete sulphate reduction, so that the reduced COD removal may result from the lower removal rate of the methane bacteria and sulphate-reducing bacteria.
Tanneries (X 3 )
The origin of the wastewater (X 3 ) was found to influence COD differences significantly. These findings differed from those for volume of gas, for which an influence of the origin of the wastewater could not be found. For the COD differences (Y*), experiments with wastewater from tanneries A, B and C (X 3 ) were considered, while only the values of tanneries B and C were included for determining the volume of gas. 
Figure 4
Influence of sulphate in the influent on COD removal (multiple regression)
Figure 3
Influence of COD in the influent on COD removal (multiple regression)
[ 35 ] tanneries represent nominal variables, multiple regression required dummy coding, i. e., a transformation into quantitative entities with a value of "0" or "1". With this operation, tannery B became significant, so that it was attributed the numerical value "1" in equation (6), while tanneries A and C were accorded a "0". On the basis of this coding and the mean values for COD and sulphate concentrations, COD differences were 4,200mg l -1 for tanneries A and C, but only 3,400mg l -1 for tannery B.
Many different substances are used in leather production, so that, even though chromium-tanning, leather-producing factories in principle follow the Reutlinger model [19] , both the quantity and quality of the wastewater differ considerably between factories [20] . It is thus plausible that one should find differences in COD removal. These significant differences can be taken as a hint that further substances in tannery wastewater have an influence on the anaerobic process.
Analysis of variance Pilot plants
In the investigations, three similar pilot plants were operated in parallel with different operational parameters. An analysis of variance made it possible to test the similarities in the volume of gas produced and in COD removal. A significant difference between the pilot plants was found for COD removal but not for gas volume.
In Figure In anaerobic treatment plants different biocenoses of bacteria may establish themselves depending on feed flow, detention time of wastewater, temperature, and pH value [21] .
Only a significant difference in COD removal was found, whereas none could be determined in gas production and desulphurization. COD removal is mainly caused by three processes: acidification, desulphurization and production of methane. Sulphate-reducing bacteria and methane bacteria in the three pilot plants probably did not reduce significantly different amounts of COD, but the sum of COD removal in all processes together was significant in the pilot plants.
FeCl 3
The dosage of ferric chloride was intended to eliminate sulphide and thus to prevent its inhibitory effect. While the dosage of FeCl 3 showed a significant influence on gas production, no such influence was noted on COD.
In order to evaluate the results of the analysis, statistical reliability as well as the overall relevance of the results was considered (Table  IV) . For raw values and for adjusted values the same statistical reliability was found (S = 99.9 per cent).
A dosage of 2g l -1 ferric chloride resulted in a 40 per cent reduction of gas production. Even half the amount of ferric chloride effected a 34 per cent reduction, a result which must be considered relevant ( Figure 6 ). Influence of the dosage of ferric chloride on gas volume (analysis of variance)
[ 37 ] A plausible reason for the decrease of gas production through ferric chloride (regarding only the raw values) lies in the further increase of chloride concentration (Figure 2 ), since SRB are less sensitive to chloride than methane bacteria. However, in the adjusted values, the influence of chloride was removed by multiple regression and adjustment. A possible explanation for the lower gas yield is the precipitation of organic matter, which produces sludge. This sludge is an unwelcome side-effect of the addition of FeCl 3 . Owing to precipitation, the substance is then no longer available for anaerobic elimination and gas production, but its absence counts as COD removal efficiency. In batch experiments a notable COD reduction was observed when ferric chloride was used as a precipitating agent [9] . Since a positive effect of ferric chloride dosage could not be verified, one should refrain from adding it to tannery wastewater.
Conclusions
In anaerobic treatment of tannery wastewater inhibitory effects of sulphate and chloride were found. In order to reach better COD efficiency or a decrease in detention time, tanneries should change production methods. In order partly to substitute chloride, one can use fresh or only cooled hides instead of salted ones. In Germany today some tanneries use up to 60 per cent fresh hides [22] and thus discharge rather low amounts of chloride in the wastewater.
With regard to sulphate, only a change in the leather production process itself would yield better results. In order partly to substitute sulphuric acid it is possible to use CO 2 for deliming. For thin hides a total conversion is possible, for normal hides only a partial substitution of ammonia sulphate is feasible [22] . This combination effects a reduction in ammonia and in sulphate.
Anaerobic treatment of tannery wastewater is suitable especially for high concentrations of organic compounds. The COD removal for COD > 5,000mg l -1 lay at 70-80 per cent but decreased for lower COD in the influent.
The COD removal in the tanneries A and C was significantly different from tannery B. This means that even if one knows the factors that significantly influence COD removal (COD o and concentration of sulphate) the COD removal of an unknown wastewater can differ from the value that is reported here. This means that before transferring these results to other treatment plants, pilot tests are necessary.
